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Using ac susceptibility, dc magnetization and heat capacity measurements, we have investigated
the magnetic properties of Cd0.5Cu0.5Cr2O4. Cd0.5Cu0.5Cr2O4 has an extraordinary magnetic
phase including a metastable spin-glass(SG) phase at zero field, a possible phase separation scenario
of AFM/FM above ∼ 0.5T field, and at intermediate fields, an apparent pseudo reentrant spin-glass
(RSG) plateau is observed. These phenomena are closely correlated with the pinning effect of the
Cu2+ sublattice on the frustrated lattice.
PACS numbers: 75.50.Lk, 75.30.Kz, 75.50.Ee
I. INTRODUCTION
The notion of a geometrically frustrated
antiferromagnet1 has attracted considerable inter-
est over the past more than one decade. In its simplest
form, a lattice geometry results in frustration of the
antiferromagnetic (AFM) exchange interaction. Such
materials are characterized by the absence of long
range order at temperatures well below the Curie-
Weiss temperature (ΘCW ), and have very unusual low
temperature properties2,3,4,5,6,7,8,9,10,11. An interest-
ing feature of the system is the release of magnetic
frustration. Normally, the magnetic frustration can
be eliminated or removed by spin-Peierls transition
at TN arising from the spin-lattice coupling or an
applied high magnetic field at low temperature2,3,4
. Theoretically, the vast degeneracy of their classical
ground states makes them be highly susceptible even to
small perturbations. A separate phase transition into an
AFM state is expected5.Experiments have shown that
by means of replacing the nonmagnetic-site partially
by magnetic ions, a local preferential direction will be
imposed in frustrated lattice, removing somehow the
strong intrinsic magnetic frustration and presenting
a geometric spin-glass(SG) state6,7 . Note that the
presence of the disorder coming from either the site
disorder or the competing interaction between AFM and
ferromagnetism (FM), often generates a conventional
SG state. In systems which possess disorder and highly
geometric frustration often display some unconventional
SG behavior, usually named as geometrical SG. If so,
then a subtle balance between them, i.e., disorder and
geometric frustration, will bring about an unusual SG
state. The views on the nature of the freezing of this
SG, whether it is a phase transition or a non equilibrium
phenomenon, are still controversial. And it is unclear
how it will evolve under a small perturbation provided
that it is a nonequilibrium SG. Understanding the
nature of such a SG state is regarded as an important
physics issue from theoretical and experimental points
of view8,9.
CdCr2O4 is a classical frustrated antiferromagnet, in
which the magnetic Cr ions are on three dimensional
corner-sharing tetrahedral sublattices, which results in
geometrical frustration of the AFM nearest neighbor
exchange interactions (TN , 7.8 K)
10,12 . It undergoes
a first-order three-dimensional spin-Peierls transition at
TN from a cubic paramagnetic to a tetragonal Nel state
10;
Low-temperature neutron powder diffraction showed the
presence of spiral AFM spin structure12 and muon-spin-
relaxation measurements (mSR) indicated that substan-
tial magnetic frustration still remains at the millikelvin
temperatures11. In this paper, we report on the SG state
of a high-quality polycrystalline Cd0.5Cu0.5Cr2O4 with
magnetic ions Cu2+ half doped revealed by ac suscepti-
bility, dc magnetization and heat capacity measurements.
We demonstrate for the first time that the ground-state is
well characterized in a metastable SG state at zero field
and a possible magnetic phase separation of AFM/FM
under a magnetic field as the ground-state degeneracy is
broken.
II. EXPERIMENT
The preparation, crystal structure and the primary
magnetic property of Cd0.5Cu0.5Cr2O4 in present study
have been well described and characterized by previ-
ous experimental measurements13. All magnetization
and heat capacity measurements were performed using a
Physical Property Measurement System (Quantum De-
sign). Data were collected upon warming after cooling
the samples at zero field. Specific-heat measurements
were done in a thermal relaxation method.
2III. RESULTS
A. Structure and fundamental magnetic property
The crystal structure of Cd0.5Cu0.5Cr2O4 has a cu-
bic spinel space group Fd3m, which consists of two ba-
sic units, Cd/CuO4 tetrahedron and CrO6 octahedron.
There are at least two main kinds of magnetic interac-
tions in Cd0.5Cu0.5Cr2O4, the nearest-neighbor Cr-Cr
interaction and the next nearest-neighbor Cu-Cr inter-
action, according with reentrant SG (RSG) character
where only the first and second nearest-neighbor inter-
actions are important in RSG materials14. The Cu-Cr
and Cd-Cr bonds are not uniformly distributed due to
A-site random distribution. Clearly, upon substitution
of Cd by magnetic Cu ions, the competition between
the Cu-Cr and Cr-Cr interactions causes spin arrange-
ments transfer from AFM to ferrimagnetic and the ge-
ometrical frustration turns to be suppressed13. Thus
the Cu2+ magnetic sublattice is extracted with ferro-
magnetic coupling, similar to that of tetrahedral spinel
CuCr2O4, where the magnetic moment of the Cu sublat-
tice is ferromagnetic coupling, antiparallel to the resul-
tant Cr sublattice one15. Previous ZFC magnetic study
at 0.1T13indicated that Cd0.5Cu0.5Cr2O4 experiences a
paramagnetism(PM)-ferrimagnetism(FI)-SG (RSG) like
transition (Tc, 20K; Tg, 8K). At the same time, its index
of frustration (f = |Θcw/TN |) varies from 10 to 1, which
might be attributed to the interaction between Cu2+
sublattice and Cr3+ sublattice, namely, the pinning ef-
fect of sublattice Cu2+ on magnetic frustration (or spiral
AFM configuration) excites a local preferential direction,
similar to Mn-rich YMnO3
6 and SrCr8Ga4−2xFexO19
series7.
B. Metastable spin glass
Figure 1 shows the temperature dependence of ac sus-
ceptibility data in a frequency range of 33 6 ω/2pi 6
9999Hz under ac field of 1Oe for Cd0.5Cu0.5Cr2O4. The
curves display a maximum at a temperature Tf , which
shifts with (increasing) frequency upwards for χ′(ω, T )
and downwards for χ”(ω, T ). This is a distinct feature
of a SG state16. The value of the frequency sensitivity
of Tf (ω),∆Tf (ω)/[Tf(ω)∆log10ω], has been a criterion
for the presence of a canonical SG from SG like17. It is
about 0.013 for χ
′
(ω, T ), lower than those reported for
other typical insulating SG systems, indicating an uncon-
ventional SG transition. However, it is about 0.025 for
χ”(ω, T ), close to that of conventional SG.18. We know
the out-of-phase χ”, is the magnetic energy loss, some-
times reflecting certain information that is drown or not
obvious in the in-phase χ
′
(ω, T ). The different extracted
parameters for χ
′
(ω, T ) and χ”(ω, T ) appear to reflect
that this unusual SG in Cd0.5Cu0.5Cr2O4 is made by
more than one component. The divergence of the maxi-
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FIG. 1: (Color online) χ
′
(ω) and χ”(ω) vs T for ω/2pi =
33,333,777,3333,7777,9999 Hz[top to bottom for χ
′
and bot-
tom to top for χ”]. The left inset displays the measured freez-
ing temperatures Tf1(ω,T ), Tf2(ω, T ) and the best fitted line
by Eq.(1) for χ
′
and χ”. The right inset shows the tempera-
ture dependence of ZFC (closed circles) and FC (open circles)
magnetization for Cd0.5Cu0.5Cr2O4 compound under various
magnetic fields of 0.01, 0.05, 0.1, 0.5 T. The arrow indicates
the direction of increasing field.
mum relaxation time τmax, occurring at the peak temper-
ature, can be investigated by using conventional critical
slowing down:
τ
τ0
= ξ−zν =
(
Tf (ω)− TSG
TSG
)−zν
(1)
here, TSG is the SG phase transition temperature and Tf1
and Tf2, defined as the maxima of the in-phase and out-
of-phase ac susceptibility, respectively, are the frequency-
dependent freezing temperatures at which the maximum
relaxation time of the system corresponds to the mea-
sured frequency. The left inset of Fig.1 presents a best
fit to the data. When τ0 is 10
−13 s typically taken in
the SG system, TSG and zν for χ
′
(ω, T ) are 15.90 K and
zν = 6.08, respectively, whereas, for χ”(ω, T ), a good
scaling yields TSG = 13.15 K and zν = 7.80. z and ν
are critical dynamics exponents. Although the TSG and
zν values of χ
′
(ω, T ) and χ”(ω, T ) are slightly different,
their magnitudes of zµ are within the conventional SG
phase transition19.
It is reminiscent that the appearance of RSG-like
plateau in M-T curve of our previous study13 may be
induced by an applied dc magnetic field since no RSG
plateau is observed in the in-phase χ
′
(ω, T ) as well as out-
of-phase χ”(ω, T ). This assumption is further confirmed
by the temperature dependence of the zero-field-cooled
(ZFC) and field-cooled (FC) magnetizations curves from
2 to 300 K in various fields of 0.01-0.5 T (see the right in-
set of Fig. 1). The cusp of ZFC magnetization at 0.01 T
coincides well with the cusp seen in the lowest frequency
ac susceptibility measurement (33Hz). The FC and ZFC
magnetization curves separate at around 17 K and 0.01
T, then the cusp temperature decreases monotonically
3with increasing applied field, together with a formation
of a pseudo RSG plateau (see the ZFC curves at 0.05
and 0.1 T). Clearly, applying magnetic field in the SG
state produces a reduction in this SG phase and an in-
crease of magnetic ordered phase. This transition can
be considered as a metastable SG to magnetic ordering
transition up to 0.5 T and the superposition of ZFC and
FC is observed.
C. Magnetic-field-induced possible AFM/FM
phase separation behavior
1. Magnetic field dependence of ac susceptibility
Figure 2 shows the ac susceptibility χ
′
(ω, T ) and
χ”(ω, T ) for 333Hz, in different superposed dc fields and
ac field of 1Oe. Both χ
′
(ω, T ) and χ”(ω, T ) are sup-
pressed drastically at the dc fields. An applied field
rounds the peak off and broadens it to a plateau state,
then enters it into a double peak structure for χ
′
(ω, T )
(see the left inset of Fig. 2). Obviously, applying a
dc field, the SG phase is suppressed and ordered mag-
netic clusters are induced. Whereas χ”(ω, T ) is different
from the double peak structure of χ
′
(ω, T ), the peaks are
smeared out in amplitude and shift downwards (see the
right inset of Fig.2), showing a characteristic feature of a
conventional SG20. With increasing magnetic field, the
two maxima in χ
′
(ω, T ) shift toward opposite directions,
implying a possible magnetic phase separation system.
Normally, the transition on the high temperature side is
ascribed to a formation of field-induced grown size FM
clusters embedded in a SG matrix21 while the transi-
tion on the low temperature side is a conventional SG
transition. The formation of FM clusters in a SG matrix
should arise from the field-induced stepwise connection of
small short-range-ordered clusters along the local prefer-
ential direction of magnetic ordering. Once it is a true
SG transition on the low temperature side, the dc field
dependence of the freezing temperature Tf (H) should be
scaled by the equation
Tf (H) = 1− bH
δ (2)
with δ = 2/3 via the mean-field theory prediction19,20.
Figure 2(b) plots the experimental values of Tf1(H) for
χ
′
(ω, T ), Tf2(H) for χ
”(ω, T ), and the fitted curves to
Eq.(2).The fitted values of the exponent δ are 0.186 for
χ
′
(ω, T ) and 0.023 for χ”(ω, T ), which is far lower than
the typical SG value 2/3. It thus turns out that the phase
transition on low temperature side is not a conventional
SG transition. It is speculated that this transition should
be dominated by the geometrical SG, which is closely
related to AFM transition in the frustrated lattice.
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FIG. 2: (a) Temperature dependence of in−phase ac suscep-
tibility measured at a frequency of 333 Hz under different
applied dc fields. The right inset presents the corresponding
out−of−phase ac susceptibility. The left inset shows a mag-
nification of the in−phase ac susceptibility for dc fields µ0H
= 0.1, 0.2, 0.5 T. (b) The experimental Tf (H) values and the
fitted data to Eq.(2).
2. Magnetization curve at 2K
According to the above ZFC and FC measurements,
the superposition of ZFC and FC curves takes place at
µ0H > 0.5T , implying that a completed SG-magnetic
ordering transition can be achieved. If dc field leads
to a complete transition of SG-ferro(-ferri)magnetic or-
dering, the magnetic moment should be saturated in
high field. However, it is not the case. The inset
of Fig. 3(a) presents the original magnetization curve
at 2 K. It is obviously hard to saturate and the full
saturation state is not achieved even under a field of
13 T, indicating an existence of intrinsic AFM order.
The absences of saturation at 13 T and S-type fea-
ture can be correlated with the AFM/FM phase sepa-
ration scenario. The magnetic contribution from ferro(-
ferri)magnetic and AFM parts is fitted by a linear least
square method, which leads to Mferro = 0.85µB/f.u.
derived from the ferro(-ferri)magnetic lattice part. This
absolute value of Mferro is larger than the expected sat-
uration moment µs ∼ 0.5µB/f.u. for the parallel Cu
2+
ratio at 13 T and 2 K, implying an additive magnetic con-
4tribution ∼ 0.35µB/f.u. parallel to Cu
2+ magnetic mo-
ment. This additive magnetic moment should originate
from the local preferential direction in the Cr tetrahedron
among the field-induced FM clusters. We have hereby
concluded that the magnetic field induces the transition
of metastable SG into not only FM clusters but also AFM
phase. This transition exhibits a possible phase separa-
tion of AFM/FM corresponding to the transition at the
“double peak structures” in the ac susceptibility mea-
surement under dc fields.
3. Magnetic entropy changes from isothermal
magnetization measurements
In order to get an insight into this scenario we carried
out the measurements of the isothermal magnetization
curves in the temperature range of 5−50 K and mag-
netic fields up to 5.0 T (see Fig. 3(a)). The temperature
step of 3 K was chosen. The behavior of the isotherms
differs from the typical SG and ferromagnetic behaviors.
As the temperature is decreased theM vs H curve bends
more, but neither sign of saturation nor S-type behavior
is present. Fig. 3(b) shows the Arrot plots obtained from
the magnetization isotherms. A considerable curvature
above 17 K is observed as a sign of disordered system22,23.
There is a positive small intercept at 5-14 K and low
fields, suggesting that the system exhibits rather a weak
magnetization than a conventional SG. The data taken
at high fields can be fitted by straight lines. Extrapolat-
ing these lines at temperatures between 5 and 14 K, a
positive intercept with the M2 axis is reached, indicat-
ing a field-induced magnetic order alignment. Magnetic
entropy change versus temperature is shown in Fig. 3(c).
Two peaks can be observed at ∼ 11 and ∼ 21K at
µ0H = 0.1 T, respectively. The kink on the low tem-
perature side shifts from around 11 K to 8 K with the
magnetic field, suggesting an ordered AFM transition.
Furthermore, the narrow width of |∆SM | around TAFM
is one of the features of first order phase transitions. On
the other hand, the |∆SM | peak on the high temperature
range is broadened and high fields shifts the Curie tem-
perature several degrees from around 21 K to 24 K, im-
plying now a continuous second ordering FM transition,
in agreement with the above result from ac susceptibility
under dc field. Consequently, we conclude that the low
temperature transition (∼ 11K) is the metastable SG-
AFM ordering while the high temperature one (∼ 21K)
is the metastable SG-FM clusters.
4. Heat capacity measurement
To further confirm the scenario discussed above, the
measurements of the heat capacity have been performed
under the fields of µ0H = 0 T, and 0.5 T (see Fig. 4)
24.
One advantage of this insulating system is the lack of
an electronic contribution to the specific heat.The de-
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FIG. 3: (Color online) (a) Magnetic field dependence of the
magnetization of Cd0.5Cu0.5Cr2O4 at various temperatures
of 5−50 K. The inset presents the magnetization curve at 2 K
and AFM/FM moment contributions fitted by a linear least
square method. (b) The corresponding Arrott plot. (c) Tem-
perature dependence of the entropy changes for the magnetic
field difference from 0 to 0.1, 0.2, 0.5, 1, 2, 3, 4, 5 T. The lines
are only guides for eyes.
pendence of C on temperature nearly accords with the
Cm ∼ T
2 law at zero field and low temperatures (the
bottom inset of Fig.4), which is similar to geometri-
cally frustrated SG systems, such as the spinel lattice25
and kagome lattice8,9. Furthermore, a character of con-
ventional SG state is observed through a broad max-
imum of C/T at about 25 K instead of an anomaly
at the freezing temperature 17 K at zero field. These
two features indicate an unusual metastable SG state in
Cd0.5Cu0.5Cr2O4. No distinct two peaks are observed
in the specific heat curve under a field of 0.5 T. Only
a knee development is found at ∼ 25 K. However, the
magnetic entropy change ∆Sheat at µ0H = 0.5 T calcu-
lated from the heat capacity data (see the top inset of
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FIG. 4: (Color online) Temperature dependence of the heat
capacity of Cd0.5Cu0.5Cr2O4 measured under the fields of
µ0H = 0 T, and 0.5 T. For clarify, the data for µ0H = 0
is shifted up 0.1J/Kg.K2. The top inset plots the entropy
change from heat capacity measurements with the magnetic
field changes from 0 to 0.5 T. The bottom inset depicts the
temperature dependence of C deviated from the Cm ∼ T
2
law in zero field.
Fig.4) exhibits the corresponding double peak structure
to ∆Smag, further confirming the possible landscape of
AFM/FM phase separation under an external magnetic
field.
IV. DISCUSSION
Combining our results with the introduction men-
tioned before, it is already clear that for A-site Cu2+
half doped CdCr2O4, a metastable SG at zero dc field is
emergent. The formation of the metastable SG ground
state in Cd0.5Cu0.5Cr2O4 is closely pertinent to the mag-
netic interaction between Cu sublattice and Cr sublat-
tice. Half number of Cd atoms substituted by Cu in-
troduces a magnetic moment that increases not only the
magnetic interaction between Cu sublattice and Cr sub-
lattice but also the probability of the local CrO6 octahe-
dron distortion. The large ionic radii difference between
Cu2+ ions(0.72A˚) and Cd2+ ions (0.97A˚) results in AO4
tetrahedron distortion or a local crystal distortion, which
favors the off−center of Cr3+ ions via oxygen atom dis-
placement. Thus the geometrical frustration tends to
release due to the variation of local Cr−Cr bond length.
This is a benefit for the pinning effect of Cu sublattice
on Cr sublattice. The Cu−Cr interaction would impose
a “preferential direction” for the orientation of the spins
and therefore, two SG components, namely, conventional
SG, which arises from site disorder or magnetic interac-
tions competition, and geometrical SG, which is from the
substantial geometrical magnetic frustration, would ap-
pear. A subtle balance between them would produce a
metastable SG state.
Applying a magnetic field this balance is destroyed and
a transition from metastable SG to possible AFM/FM
phase separation is induced. This phenomenon is also
closely correlated with the pinning effect of the Cu2+ sub-
lattice on a frustrated lattice. The magnetic frustration
arises from the Cr3+ ions, arranged in a corner−sharing
tetrahedral lattice (pyrochlore lattice) while the Cu2+
sublattice, interacting ferromagnetically, would pin its
surrounding magnetic frustration to a preferential direc-
tion somehow, exhibiting a metastable SG state. Under
a magnetic field the pinning effect will be enhanced and
the disorder will become weaker, i.e., the balance between
the geometrical SG and conventional SG will be broken,
exhibiting AFM/FM phase separation.
V. CONCLUSIONS
As a whole, our experimental results provide a mag-
netic landscape of Cu2+ ions half doped CdCr2O4.
Cu2+intermediate substitution for Cd2+ ions suppresses
the magnetic frustration by imposing a local preferential
direction in Cr tetrahedron. The subtle balance state be-
tween the pinning interaction and substantial frustration
manifests a metastable SG behavior. An applied mag-
netic field induces a transition from this SG phase to a
possible AFM/FM phase separation state. This newly
Cu2+ doped CdCr2O4 material will enable the in-depth
study on the rich physical properties of magnetic frustra-
tion compounds.
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